In S. typhimurium, and probably in Escherichia coli as well, gene loci are not distributed at random along the chromosome, as seems to be the general rule in higher organisms. Genes controlling related functions are often clustered together, and occasionally their arrangement within a cluster corresponds to the sequence of the biochemical reactions they control. The first evidence of such clustering and sequential arrangement was obtained in 1956 in studies of tryptophan-1 and histidine-requiring2 mutants of S. typhimurium. By now, analysis of the mutants in our collection has progressed far enough to show that clustering is a frequent phenomenon in this species.
Materials and Methods.-In our experiments, clustering of similar genes is detected by means of the transduction technique. Phage P22 serves as a vector to introduce a fragment of the chromosome of a donor bacterium into a recipient cell, where recombination occurs between genetic markers carried by the fragment and markers located in the homologous region of the recipient chromosome. Two genes recombine jointly only if they are located in the same transducing fragment. Since the fragments are short (estimated length, about 1/100 of the chromosome), cotransduced genes must be close together.
Our collection of more than 5500 Salmonella strains consists mainly of auxotrophs, that is, mutants that are impaired with respect to the synthesis of amino acids, purines, or pyrimidines. The study described here has been a by-product of genetic analyses of various groups of phenotypically similar mutants from this collection. The histidine group was analyzed in the laboratory of Professor P. E. Hartman, The Johns Hopkins University, and the leucine group in the laboratory of Dr. Paul Margolin, Cold Spring Harbor Laboratory of Quantitative Biology. The other groups were studied by several members of our laboratory.
Results.-A summary of the data is presented in Table 1 , which includes all the mutant groups of our collection in which two or more related gene loci have been identified. A cluster is defined here as a group of two or more gene loci that control related functions, are located in the same transducing fragment, and, as far as the available evidence shows, are not separated by unrelated genes. As a rule, two genes located in the same cluster are considered to belong to different loci if they complement each other (giving rise to abortive transductants), if they produce demonstrably different nutritional requirements, and if they can be shown to control the functioning of different enzymes. All three criteria cannot always be applied: in several instances, differences in nutritional requirement cannot be detected; or the biosynthetic pathway is not yet well enough defined to let us determine the position of the block controlled by each gene. Three "clusters" that are still in doubt as to whether their mutations are changes in different gene loci or alleles of the same locus are marked with a dagger in the table.
Discussion.- Table 1 These findings clearly show that in S. typhimurium a majority of the gene loci that represent phenotypically related groups are arranged in clusters.
It seems probable that a similar grouping of related genes obtains in E. coli, which is classified as another member of the family Enterobacteriaceae. The data are not so extensive for E. coli as for S. typhimurium, but taken together with the observation of a very high degree of homology between the two genera as to location of similarly functioning genes on the chromosome, they justify the conclusion that the same kind of clustering occurs in both bacteria. So far, clustering has been observed in the following phenotypic groups in E. coli: tryptophan;13 arabinose;14 lactose;"5 galactose;16 pyrimidine;17 and arginine, isoleucine-valine, diaminopimelic acid, and methionine.
Studies with Bacillus subtilis, involving only a few genes, have revealed one cluster of 4 tryptophan loci28 and another of 2 histidine loci."9 On the other hand, more extensive studies with Pseudomonas aeruginosa,20 which included two tryptophan genes, showed no clustering. In the fungus Neurospora, where a large number of gene loci have been studied and many seem to be phenotypically homologous with the loci studied in S. typhimurium, only one cluster of 4 aromatic genes2' and one cluster of 3 histidine genes22 have been found.
So it appears that clustering is very frequent in S. typhimurium and E. coli, two genera of Enterobacteriaceae of the order Eubacteriales; that it may be frequent in B. subtilis, which belongs to the family Bacillaceae of the same order; that it is nonexistent or rare in P. aeruginosa of the order Pseudomonadales (which according to Bergey's Manual is lower in the evolutionary scale than Eubacteriales); and that in Neurospora (as well as higher organisms) it is very rare.23 As far as present information goes, therefore, the occurrence of clusters among 70 per cent of the genes representing a related series of phenotypic groups is a unique observation.
Where there is a mechanism capable of dispersing the genes of a cluster, they should, given sufficient time, become randomly distributed throughout a genome. In bacteria, we know of three mechanisms that can bring about the separation of adjacent genes: conjugation, transduction, and transformation. If a cluster is to persist, therefore, or be re-formed once its genes have been dispersed, the gene arrangement it represents must give some selective advantage to the organism. Such an advantage may derive from coordinated functioning of the clustered genes. In several instances in S. typhimurium and E. coli it has been established that the genes of a cluster form an operon, whose function is regulated by an operator gene.
Because frequent clustering of related genes accompanied by coordinated control of their action has been observed only in bacteria, is it to be interpreted as an evolutionally primitive phenomenon? Apparently not, since no clusters have been found in Pseudomonas, which bacterial taxonomists place below Salmonella in the evolutionary scale. It seems more likely that it represents a side-branching in the evolutionary tree, and may have made several independent appearances.
Summary.-Analyses of 87 auxotrophic mutants of S. typhimurium belonging to 14 phenotypically different groups show that 72.4 per cent of the gene loci are arranged in clusters of two or more on the bacterial chromosome. at least three of which seem to have specific functions that can be accounted for in terms of three hypothetical "bithorax" substances. Thus, these genes compose a coordinated cluster that may be regarded as one operon. Other, similar clusters have been detected. If adequate evidence of functional differentiation is obtained to establish each member of such a cluster as belonging to an independent gene locus, then it will appear that clustering similar to that observed in S. typhimurium exists also in D. melanogaster.
MEAN-SQUARE MOMENTS OF CHAIN MOLECULES BY P. J. FLORY
DEPARTMENT OF CHEMISTRY, STANFORD UNIVERSITY Communicated April 13, 1964 As has been abundantly demonstrated, the configurational properties of chain molecules are amenable to treatment by methods developed for the Ising lattice of point dipoles in one dimension.l' 2 The basis for this adaptation of method is the rotational isomeric state model for a polymer chain elaborated principally by Volkenstein and his collaborators.' This model restricts the direction of each bond to several discrete choices relative to a frame of reference established by the directions of the bonds immediately preceding it in the chain. Generation of a configuration of the chain involves "transitions" from the states which may be occupied by one bond to those of the next. That Ising methods should be applicable to such a model is self-evident.
Treatments of the mean-square end-to-end distance and the dipole moment of chain molecules conforming to Figure 1 . The configuration of the chain in space is defined by the set { cp I of these rotation angles.
As is well known, bond rotations are subject to periodic potentials, which in the case of single bonds are usually threefold. Although the energy difference between maxima and minima is not very large (ca. 3000 cal. mole-'), it is a useful approximation to treat each bond as if relegated to one of several precisely specified angles corresponding to the minima in its rotation potential. Large deviations from these positions may in fact occur, but positive and negative deviations should occur
